Analysis of 37 short repetitive elements (SINES) in rabbit DNA that are known as C repeats has revealed three that contribute functional polyadenylation signals to genes into which they have been inserted. Similar roles have been attributed to particular individual SINES in rodents and primates before, suggesting that these roles may be common to SINES in all mammalian orders. Although most SINES appear to have little influence on the genome individually, the observation that three of 36 rabbit C repeats provide functional sequences suggests a mechanism for the maintenance of SINES within mammalian genomes.
Introduction
Interspersed repetitive elements in mammals can be classified by length as either SINES (short), which are typically ~500 bp, or LINES (long), whose full-length copies range in size from 6 to 8 kb (Singer 1982) . Within each length class, families can be identified on the basis of sequence similarity. Virtually all mammalian SINES share several structural similarities such as internal RNA polymerase III promoters, oligo (A )-rich tracts at their 3' ends, and an absence of open reading frames (Weiner et al. 1986 ). However, sequence comparisons show that SINES present in high copy number in one taxonomic order have different origins than do the highly repeated SINES in other orders . In the proposed model for the retrotransposition of SINES (Rogers 1985; Weiner et al. 1986 ), the RNAs transcribed from these repeats are reverse transcribed and reinserted into the genome at staggered breaks, as evidenced by resulting flanking direct repeats. SINES and LINES appear to be currently propagating, as is shown by recent insertions of repeats (e.g., see King et al. 1986; Kazazian et al. 1988) . Rabbit ( Oryctolagus cunicuhs) C repeats are typical of SINES, and >200,000 copies of this element are found interspersed throughout the rabbit genome (Cheng et al. 1984; Hardison and Printz 1985) . With an average length of 350 bp, they account for 25% of the total DNA in rabbits.
The role that repetitive DNA elements play in the evolution and function of mammalian genomes has been a matter of debate since their discovery (reviewed in Rogers 1985; Weiner et al. 1986 ). They can act negatively by inactivating genes when they insert into coding (Kazazian et al. 1988) or regulatory regions. Frequently repeats insert into regions of little or no function, and hence the event is likely to be neutral (Sawada et al. 1985; Margot et al. 1989) . It has also been argued that these elements are selfish DNA whose self-propagation provides no benefit to their hosts (Doolittle and Sapienza 1980; Orgel and Crick 1980) . In contrast, a few individual members of these diverse repeat families appear to make positive contributions to the evolution of mammalian genomes. For example, Alu repeats are part of the coding regions for the human (Homo sapiens) genes for decay-accelerating factor and for a B-cell growth factor (Caras et al. 1987; Sharma et al. 1987) . Also, the short B2 repeats can provide functional polyadenylation signals in at least three rodent genes (Kress et al. 1984; Ryskov et al. 1984; Rothkopf et al. 1986 ). We present evidence that rabbit short interspersed repeats known as C repeats can also contribute functional polyadenylation signals. This observation implies that this positive effect is probably common to this class of repeats in many mammalian orders.
Material and Methods
The consensus sequence was generated by alignment of 36 C repeats (to be reported elsewhere) from the rabbit genome. Along with those reported earlier (Ha&son and Printz 1985) ) the sequences include 15 from the /3-globin gene cluster in rabbits (Margot et al. 1989) ) 11 from the rabbit a-globin gene cluster (Cheng et al. 1988 ; and sequences to reported elsewhere), and 10 obtained by computer-assisted searches of GenBank.
A multiple alignment of these sequences was made by first generating two-way alignments by using the Genetic Computer Group's Gap program (Devereux et al. 1984) ) which uses the alignment algorithm of Needleman and Wunsch ( 1970) . These two-way alignments were compared and aligned by inspection, and gaps were inserted to increase the overall similarity. A consensus sequence was generated on the basis of this multiple alignment and was used to search the GenBank data base with either the WordSearch (Devereux et al. 1984) or FASTA (Pearson and Lipman 1988) computer programs. Several previously unrecognized repeats were found in this way and were added to the growing multiple alignment. The multiple alignments of the three repeats with the consensus sequence shown in figure 1 were generated by making pairwise alignments which were in turn combined by inspection. Percent similarities between sequences were determined with the Gap program, which accepts matches with ambiguous nucleotides as half-matches, by using a gap penalty of 4.5 and a gap length penalty of 0.30/ nucleotide missing in the gap.
Results
Analysis of 36 C repeat sequences has yielded an improved consensus sequence for this family of repeats. The last reported consensus was based on the sequence of six C repeats (Hardison and Printz 1985) and was heavily biased toward what now appears to be a subfamily of the overall group of repeats (to be reported elsewhere). The variability within this larger data set is much greater (an average of 25% dissimilar to the common consensus) than that reported for Alu repeats Hwu et al. 1986 ) and for other SINES (Rogers 1985) , and, as a result, the consensus sequence reported in figure 1 contains several ambiguous positions.
As this consensus was being generated, it was used to search the GenBank data base to find other C repeats. In most cases, these sequences had not been previously recognized as members of the C repeat family. Three of the repeats identified in this way contribute functional polyadenylation signals to actively transcribed genes (Okino et al. 1985; Rebiere et al. 1987; Boggaram et al. 1988) .
The first of these cases is the gene for isozyme 4 of cytochrome P-450. The rabbit genes for the homologous isozymes 4 and 6 of cytochrome P-450 differ radically in (Rebiere et al. 1987 ); PS Apo = 3' untranslated region of the gene for the major apoprotein of rabbit pulmonary surfactant (Boggaram et al. 1988 ); iso 4 = 3' untranslated region of the gene for rabbit cytochrome P-450 isozyme 4 (Okino et al. 1985) . their 3' untranslated regions, including the use of different polyadenylation signals (Okino et al. 1985) . Both genes are expressed at high levels when induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin, and the sizes of their mRNAs differ from homologues in the mouse (Mus muscuhs) because of extensive divergence 3 ' to their termination codon. Our analysis of the sequence ( figs. 1 and 2a) shows that a C repeat has inserted into the 3' untranslated region of the isozyme 4 gene to provide the sequence AATAAA that is used as a polyadenylation signal ( Proudfoot and Brownlee 1976 ) . The nucleotides at the 5' end of the isozyme 4 sequence in figure 1 are the first that match the consensus, indicating that 180 nucleotides of this repeat either have been deleted or were not transposed when the remaining portion of the repeat was inserted.
In the second case, the 3' untranslated region of the rabbit gene for the major apoprotein of pulmonary surfactant contains two different polyadenylation signals (Boggaram et al. 1988 ). Comparison of the cDNA sequences to the consensus C repeat sequence ( fig. 1) shows that a C repeat provides the second polyadenylation signal ( fig. 2a) . Densitometric analysis of Northern blots shows that this signal is used 20% of the time to make the longer of two mRNAs from that gene (Boggaram et al. 1988) . . 1988) . c, cDNA of the partially processed transcript for a gene from the MHC of rabbits (Rebiere et al. 1987 ).
In the third case, the polyadenylation signal reported for a gene from the major histocompatibility complex (MHC) of rabbits (Rebiere et al. 1987 ) is also generated by the insertion of a C repeat ( figs. 1 and 2a) . It was previously noted that a repetitive element was present in the 3' untranslated region of this gene (Rebiere et al. 1987) , and a comparison with the consensus shows that it is a C repeat ( fig. 1 ). The C repeat is at the 3' end of the cDNA, and it contains overlapping AATAAA sequences, indicating that this C repeat contributes the polyadenylation signal used in the processing of the message. Although this mRNA from a major histocompatibility gene is unusual in that its fourth intron-has not been spliced out and in that part of its predicted 3' untranslated region is similar to the last two introns and exons of several homologous genes in humans and rabbits, it is transcribed from a single-copy gene and in a tissuespecific manner, indicating that the mRNA may be functional (Rebiere et al. 1987) .
For the three cases described above, the sequences assigned as polyadenylation signals perfectly match the consensus C repeat ( fig. 1) and are positioned at the 3' end of the cDNA clones ( fig. 2a) . Additionally, the measured length of mRNA from both the pulmonary surfactant (Boggaram et al. 1988 ) and the cytochrome P-450 isozyme 4 (Okino et al. 1985) genes indicates that the polyadenylation signals in C repeats are the ones used in the processing of the RNAs. It is striking that both the consensus and several individual C repeats contain a tandem and sometimes overlapping series of four conventional polyadenylation signals, AATAAA ( fig. 1 ) , suggesting that these are not randomly occurring sequences in the A-rich tract but may be conserved. Other, less well-characterized and apparently more variable sequences 3' to the polyadenylation site are also involved in polyadenylation (Gil and Proudfoot 1984; Sadofsky et al. 1985) , and presumably these other sequences are downstream from the C repeat insertion sites in these three cases.
Discussion
It is not uncommon for SINES to be found within the introns and the 3' flanking regions of the primary transcripts of genes, but these repeats are removed during the processing that produces mature mRNA (Jelinek and Schmid 1982) . Still, some SINES are retained in mature mRNA (frequently in the 3' untranslated region) even after their processing has been completed. Ryskov et al. ( 1984) showed that when B2 repeats are present in mature poly( A+) RNA of mouse liver, they are at the 3' end of the transcript and are always in the orientation which would allow their conserved polyadenylation signals to be used in processing. Specific examples of this are B2 repeats that provide polyadenylation signals to a mouse class I histocompatibility gene (Kress et al. 1984) and to a rat glutathione S-transferase gene (Rothkopf et al. 1986 ). Members of the human Alu family of repeats also have well-conserved polyadenylation signals at their 3' ends (Jelenik and Schmid 1982) . Human Alu repeats have also been found in the 3' untranslated regions of some genes, such as the human lysozyme gene (Chung et al. 1988) , but that repeat is in the wrong orientation for its polyadenylation signal to be used, as is the B 1 repeat in a mouse androgen-regulated gene (Ring et al. 1986 ). Repetitive elements other than SINES also have the ability to provide importable polyadenylation signals. The 2.3-kb-long retrovirus-like human retrotransposon called THE 1 comprises the bulk of the 3' untranslated region of a human calmodulinrelated gene and provides a functional polyadenylation signal ( Deka et al. 1988 ). The role of three rabbit C repeats in polyadenylation discussed here appears to be the same as that of the rodent and human repeats, implying that polyadenylation may be one function provided by some individual SINES in all mammals.
Another function provided by a small subset of SINES is to encode portions of polypeptides. Human Alu repeats account for approximately 32 codons in the 3' portion of the genes for decay-accelerating factor and for a B-cell growth factor (Caras et al. 1987; Sharma et al. 1987) . Also, the CCAAT box of the O-globin gene in higher primates is part of an Alu repeat sequence (Kim et al. 1989) . Thus the known examples of functional sequences provided by SINES include promoter, RNA-processing, and protein-coding sequences.
Transposable elements can provide a selective advantage to bacteria in competitive growth conditions (Hart1 et al. 1983) , and the independent propagation of repetitive elements in many different mammalian orders (Hardison and Printz 1985; Rogers 1985; Sawada et al. 1985; Weiner et al. 1986; Margot et al. 1989 ) suggests that they may provide some selective advantage in higher organisms as well. However, the molecular mechanisms for this advantage are not clear. The results presented here show that some individual copies of repetitive elements can contribute sequences useful to the organism in which they occur. Although most copies of repetitive elements examined to date appear to have little effect on the expression of neighboring genes, in fact a notable portion of C repeats (three of 36) so far analyzed contribute functional sequences to the rabbit genome. Along with other more general positive effects that the repeats might contribute, including healing chromosome breaks (Voliva et al. 1984 ) and interruptions of gene conversion ( Schimenti and Duncan 1984) ) the results reported here suggest a mechanism by which some SINES can provide a selective advantage to the organism in which they occur.
Sequence Availability
These sequences have been deposited in GenBank under accession number M28239.
